Channelrhodopsins (ChRs) are members of the microbial rhodopsin family that directly translate 36 absorbed light into ion fluxes along electrochemical gradients across cellular membranes by 37 opening a conductive pore [1] [2] [3] . ChRs are composed of seven transmembrane helices and an 38 embedded retinal cofactor linked to a conserved lysine in helix 7 via a Schiff base (retinal Schiff 39 base, RSB). Upon photon absorption, the RSB isomerizes from all-trans to 13-cis, which induces 40 structural changes, collectively described as spectroscopically distinguishable intermediates in a 41 photocycle 4 . 42
In response to extended light pulses, the photocurrents of most known ChRs decline from an initial 43 peak current to a lower, stationary level, a phenomenon known as desensitization (also termed 44 inactivation) 2,4-6 . The degree and kinetics of desensitization differ among ChRs and depend on 45 pH, membrane voltage as well as light intensity and color, with typically ≤70% amplitude 46 reduction 1, 2, 7 . Photocurrent decrease via desensitization has been explained by accumulation of 47 late non-conducting photocycle intermediates and by an alternative photocycle exhibiting low 48 cation conductance [7] [8] [9] [10] . 49
During the past fourteen years, cation-conducting ChRs (CCRs) were widely employed to 50 depolarize genetically targeted neurons or neuronal networks using light to trigger action-potential 51 firing [11] [12] [13] [14] [15] . Originally, light-driven microbial ion pumps were utilized to suppress neuronal activity 52 by hyperpolarization 16, 17 . Since ion pumps always transport one ion per absorbed photon, efficient 53 neuronal silencing required high ion pump expression levels and continuous, intense illumination. 54
This disadvantage was overcome by converting CCRs into anion-conducting ChRs (ACRs) [18] [19] [20] [21] . 55
Such engineered ACRs (eACRs) 22 and later-discovered natural ACRs (nACRs) [23] [24] [25] [26] silence 56 neuronal activity by light-induced shunting-inhibition, similar to endogenous GABA-or glycine-57 activated chloride channels 22, [27] [28] [29] [30] . 58
Here, we report a new family of phylogenetically distinct ChRs metagenomically identified from 59 marine microorganisms. These ChRs conduct anions but exhibit unique desensitization in 60 continuous light and were therefore designated MerMAIDs (Metagenomically discovered, Marine, 61
Anion-conducting and Intensely Desensitizing ChRs). Seven MerMAIDs were characterized 62 biophysically via electrophysiological recordings, and we elucidated the molecular mechanism of 63 the first accessible MerMAIDs using spectroscopic analyses and molecular dynamic (MD) 64 calculations. We also explore the optogenetic inhibitory potential in neurons. 65 Seven putative ChRs constituting a new distinct phylogenetic branch in the ChR superfamily were 84 identified in contigs assembled from the Tara Oceans metagenomes (MerMAIDs in Fig. 1a) . 85
Results
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However, the shortness of the assemblies (<10 kb) precluded taxonomic classification of the 86 contigs. These MerMAIDs appeared to be globally distributed in the oceans, most abundant at 87 stations near the equatorial Pacific and South Atlantic Oceans (Fig. 1b) . The MerMAIDs were 88 primarily constrained to the photic zone (depth, 0-200 m), as previously reported for other 89 rhodopsins 31 (Fig. S1) . 90
Phylogenetically, the MerMAIDs appear more closely related to chlorophyte CCRs than 91 cryptophyte ACRs (Fig. 1a) . However, sequence comparisons indicated that MerMAIDs might be 92 anion-conducting due to the lack of typical glutamate residues found in chlorophyte CCRs, though 93 also missing in chryptophyte CCRs (Fig. S2) . To examine their function, we expressed MerMAIDs 94 in human embryonic kidney (HEK) cells and performed whole-cell voltage-clamp experiments at 95 1-day post transfection. 96
When excited with 500-nm light, MerMAID-expressing cells exhibited large photocurrents but in 97 contrast to all previously analyzed ChRs (Fig. 1c) (Fig. 2a) . This increased the inward current and induced an upshift of the reversal 125 potential (Fig. 2a,b down with increasing holding potential whereas des was accelerated for MerMAIDs 2, 6, and 7 143 (Fig. 2g) . These groups correlated well with the two phylogenetic branches within the MerMAID 144 family (Fig. 1a) , although the underlying molecular determinants of this difference remain 145 unknown. 146
To assess the photocycle turnover time (recovery kinetic time constant, rec), we performed 147 double-pulse measurements at −60 mV ( To elucidate the desensitization mechanism, recombinant MerMAID1 was purified from Pichia 152 pastoris and analyzed by UV/vis and vibrational spectroscopy. Steady-state UV/vis absorption 153 spectra of dark-adapted MerMAID1 exhibited a prominent peak at 502 nm, consistent with the 154 photocurrent action spectra (Fig. 3a) . Upon continuous illumination with green light, the 502-nm 155 dark-state absorption peak decreased, while a fine-structured, blue-shifted intermediate with sub-156 maxima at 346, 364, and 384 nm accumulated in parallel (Fig. 3a,d) . Similarly, alkalization 157 converted dark-adapted MerMAID1 into a more red-shifted, fine-structured UV-absorbing species, 158 consistent with a deprotonated 13-cis isomer in the M-state and deprotonated all-trans RSB dark 159 state 32 that occurs with a pK value of approximately 9.8 (Figs. 3b,d and S5d). 160 (Fig. 3g,  212 h). Kinetic decomposition of light-dark FTIR difference spectra revealed highly similar fast and 213 slow spectral components for both single-turnover and continuous illumination, respectively 214 ( Fig. 3f) . At both conditions, the slow FTIR component relaxed to the dark state mono-215 exponentially, within seconds (Fig. 3h) and was assigned to the late M-state that accumulated with 216 continuous illumination (Fig. 3g,h ) without formation of other photoproducts. This assignment was 217 supported by data for the retinal fingerprint region that-similar to the RR data-indicated all-trans 218 distances of these residues changed only slightly with inflowing water (Fig. S6d-f) . Possible ion 241 translocation pathways were calculated using MOLEonline 39 . Figure 4a ,b shows the most likely 242 ion pathway based on surface charge considerations (Fig. S6b,c) . Extracellularly, MerMAID1 is 243 accessible via a narrowing tunnel that is disrupted by W80, D210, and the RSB (Fig. 4a,b) . 244
Intracellularly, another ion pathway is formed leading from the protein surface almost to the Schiff 245 base, disconnected only by a short hydrophobic barrier. In our model, the carboxylic residues of 246 the active site complex (E44 and D210) were deprotonated based on pKa calculations (Fig. 4c,  247 pK a <5.5). D210, which acts as closest counterion (2.6 Å) to the Schiff base nitrogen, primarily 248 stabilizes the RSB proton (Fig. 4c) . The carboxyl group of D210 also interacts with S79, Y48, and 249 E44 via two water molecules, whereas E44 hydrogen bonds directly to Y48 and is linked to the 250 backbone oxygen of D210 via another water molecule (Fig. 4c) . When the counterion D210 is 251 neutralized (D210N), photocurrents are drastically reduced (Fig. 4d,e) ,  max was 16 nm red-shifted 252 (Fig. 4f) , and the recovery kinetics decelerated markedly (Fig. 4h) . Elimination of the more distant 253 E44 via an E44Q mutation caused only a 3 nm bathochromic action-spectrum shift (Fig. 4f) , 254 increased the photocurrent amplitudes (Fig. 4f) , decelerated desensitization by a factor of 10 255 (Fig. 4d,g ) and slightly reduced the extent of desensitization (Fig. 4i) . Replacement of both acidic 256 residues (E44Q-D210N) only halved photocurrent amplitudes (Fig. 4e) and shifted max to 257 513 ± 1 nm (Fig. 4f) , suggesting rearrangement of the hydrogen bond network around the RSB. 258
Desensitization remained strong (Fig. 4i) , but the kinetics slowed, similar to the E44Q mutation 259 alone (Fig. 4g) . 260
Neutralization of E44 increased the stationary current only slightly (Fig. 4i) , whereas we identified 261 C84 (the CrChR2 C128 homolog) as a crucial determinant of the inactivation process. The C84T 262 mutant exhibited a decreased peak current amplitude but markedly increased stationary 263 photocurrent (Fig. 4d,e) , resulting in only 65 ± 5 % desensitization (Fig. 4d,i) and minimally altered 264 desensitization kinetics (Fig. 4d,g ). In contrast, we observed no peak current recovery within a 265 time period of 200 s. As suggested by our model structure and the pronounced 17 nm blue-shifted 266 max (Fig. 4f) , C84 is located near the retinal polyene chain and the C13 methyl group (Fig. 4a,c) . Finally, we evaluated the utility of MerMAIDs as optogenetic tools for inhibiting neuronal activity. 283
As MerMAID6 exhibited the highest photocurrent in HEK cells (Fig. 1e) , we generated a Citrine-284 labeled MerMAID6 variant and co-expressed it with mCerulean as a volume marker. MerMAID6-285
Citrine expression was readily detected in CA1 pyramidal neurons of hippocampal slice cultures 286 4 to 5 days after single-cell electroporation. We observed membrane-localized MerMAID6 287 expression, with some fraction of the protein displaying a speckled cellular distribution (Fig. 5a) . 288
However, illumination triggered high transmembrane photocurrents with biophysical properties 289 similar to those observed in HEK cells (Fig. S8) . The large, transient photocurrents observed in 290 neurons led us to hypothesize that MerMAID6 could be used to block single action potentials (APs) 291 with high temporal precision and without affecting subsequent APs in the presence of light. We 292 first injected a depolarizing current ramp into the soma to precisely determine the rheobase for AP 293 firing in the dark. A 10 ms light pulse synchronized with the first AP that occurred during darkness 294 eliminated generation of this AP (Fig. 5b) . We then applied a 500 ms light pulse synchronized to 295 the time of onset of the first AP lasting throughout the remainder of the current ramp (Fig. 5c ) or a 296 depolarizing current step (Fig. 5d) , MerMAID6 suppressed generation of the first AP, without 297 affecting the following ones due to rapid accumulation of the desensitized and non-conducting 298 state during extended illumination. Similarly, selective inhibition of a single AP was achieved with 299 MerMAID1 (Fig. S7) , demonstrating that photoactivated MerMAID1 and 6 provide efficient and 300 temporally precise inhibition of neuronal activity. cannot be photochemically converted back to the dark state (Fig. S5g,h ). As discussed in previous 336 reports, decline of CrChR2 photocurrents upon continuous illumination is due to both, the 337 accumulation of late non-conducting photocycle intermediates and population of a parallel (syn-) 338 photocycle with an only weakly conducting open state [7] [8] [9] . The accumulation of a late photocycle 339 intermediate is the dominant mechanism in MerMAID1, as demonstrated by FTIR spectroscopy; 340 no parallel photocycle is needed to explain the strong inactivation. 341
We found that replacing C84 in MerMAID1 decreases the peak photocurrent but increases 342 stationary photocurrents, thus reducing the extent of desensitization, possibly due to either a 343 prolonged L-state or a shortened recovery from the M-to the initial dark state. C84 could have 344 dual functions in wild-type MerMAID1: i) stabilizing the deprotonated RSB to retain the repulsing 345 charge in the ion pathway and block the channel; ii) suppression of C=N anti to syn isomerization 346 and population of parallel syn-photocycles as discussed for CrChR2 10 . 347
Another unusual feature of MerMAID1 are the fine-structured absorption spectra of both the 348 deprotonated all-trans RSB in the dark at alkaline pH and the 13-cis retinal of the M-state. Such 349 unusual spectra have been reported for other microbial rhodopsins after retro-retinal formation 350 upon reduction with borohydride 48 or hydrolysis of the RSB 49 . In both cases, the UV fine structure 351 results from immobility of the deprotonated chromophore, which is typically more pronounced at 352 deep temperatures 50, 51 . Alkalization-induced fine-structured spectra were reported for eACRs 38 
353
and wild-type and mutant nACRs 44 and suggested to result from RSB hydrolysis 38 
Methods
370
Identification of novel channelrhodopsins and metagenomics data analysis 371
Novel channelrhodopsin variants were identified using full-length CrChR1 and CrChR2 amino acid 372 sequences (GenBank: AAL08946.1, and NCBI reference sequence: XP_001701725.1, 373 respectively) as queries for tblastn 2.6.0 analysis 54 against a database of contigs assembled from 374 the Tara Oceans metagenomic datasets of bacterial 55 , viral 56 , and girus 57 samples. The 375 assemblies were generated as described elsewhere 58 . 376
MerMAID abundance in the marine environment was estimated using the Ocean Gene Atlas Protein homologs from the Ocean Gene Atlas and MerMAIDs were pooled and aligned using the 385 MAFFT web server. MAFFT multiple sequence alignment was used to identify those homologs 386 phylogenetically closer to the MerMAIDs and were tagged as MerMAID-like. Ocean Gene Atlas 387 abundance data were parsed using a custom R script to calculate the ratio of ACR-like proteins 388 to total rhodopsins in each Tara Oceans sample. The MerMAID-like/total rhodopsin ratio was 389 coupled with environmental metadata from the Tara Oceans samples to generate depth profiles 390 and distribution maps using the R packages maps 62 , ggplot2 63 , and ggalt 64 . 391
The phylogenetic tree was generated using phylogeny.fr 65 and the sequence alignment using 392 Clustal X 66 . The sequence alignment was visualized using the ENDscript 2 web server 67 , and the 393 alignment was cropped to include the transmembrane regions of selected ChRs. 394
Molecular biology and protein purification 395
Human/mouse codon-optimized sequences encoding MerMAIDs were synthesized (GenScript, 396
Piscataway, NJ) and cloned into the p-mCherry-C1 vector using NheI and AgeI restriction sites 397 performed at 24 °C. The resistance of fire-polished patch pipettes was 1.5-2.5 M, and a 423 140 mM NaCl agar bridge served as the reference electrode. Membrane resistance was generally 424 ≥1 GΩ, and the access resistance was <10 MΩ. Signals were amplified (AxoPatch200B), digitized 425 (DigiData400), and acquired using Clampex 10.4 (all from Molecular Devices, Sunnyvale, CA). 426
Light from a Polychrome V (TILL Photonics, Planegg, Germany) with 7 nm bandwidth was 427 channeled into an Axiovert 100 microscope (Carl Zeiss, Jena, Germany) controlled via a 428 programmable shutter system (VS25 and VCM-D1; Vincent Associates, Rochester, NY). Light 429 intensity was measured in the sample plane using a calibrated optometer (P9710; Gigahertz Optik, 430
Türkenfeld, Germany) and calculated for the illuminated field of the W Plan-Apochromat 40×/1.0 431 DIC objective (0.066 mm 2 , Carl Zeiss). Final buffer osmolarity was set with glucose to 320 mOsm 432 (extracellular) or 290 mOsm (intracellular), and the pH was adjusted using N-methyl-D-glucamine 433 or citric acid. Liquid junction potentials were calculated (Clampex 10.4) and corrected. For ion 434 selectivity measurements, extracellular buffers (supplementary table S1) were exchanged in 435 random order by adding at least 3 ml to the measuring chamber (volume ~0.5 ml). Fluid level was 436 kept constant using an MPCU bath handler (Lorentz Messgerätebau, Katlenburg-Lindau, 437
Germany). MerMAID photocurrents were induced for 500 ms and recorded between −80 and 438 +40 mV in 20-mV steps. Low-intensity light between 390 and 680 nm was applied in 10-nm steps 439 for 10 ms at −60 mV to generate action spectra. Equal photon irradiance at all wavelengths was 440 achieved using a motorized neutral-density filter wheel (Newport, Irvine, CA) in the light path, 441 controlled by custom software written in LabVIEW (National Instruments, Austin, TX). For light 442 titration experiments, photocurrents were induced for 2 s at −60 mV, and light was attenuated 443 using ND filters (SCHOTT, Mainz, Germany) inserted into the light path using a motorized, 444 software-controlled filter wheel (FW212C, Thorlabs, Newton, NJ). Single-turnover experiments 445
were performed with the above mentioned setup described elsewhere 10,70 . An Opolette HE 355 446 LD Nd:YAG laser/OPO system (OPOTEK, Carlsbad,CA) served as pulsed laser light source. 447
UV-Vis Spectroscopy 448
Steady-state absorption spectra were recorded using a Cary 300 UV/vis spectrophotometer 449 (Varian Inc., Palo Alto, USA) or UV-2600 UV/vis spectrophotometer (Shimadzu, Kyōto, Japan) at 450 a spectral resolution of 1 nm in buffer containing 100 mM NaCl, 20 mM Tris, and 0.05% DDM 451 (pH 8). Light-adapted absorption spectra were acquired by illuminating the sample with a 530 nm 452 LED with a 520 ± 15 nm filter. For pH titration experiments, small volumes of 1 M NaOH were 453 added to samples in titration buffer (100 mM NaCl, 10 mM BTP, 10 mM CAPS, 0.05% DDM 454 [pH 7.5]). The pH was measured using pH microelectrodes (SI Analytics, Mainz, Germany). The 455 transient absorption spectroscopic measurements shown in Figure S5b inside a 60 × 60 Å, homogeneous, 1,2-dimyristoyl-sn-glycero-3-phosphocholine bilayer 505 membrane and solvated using a TIP3 water box, adding 10 Å to both the top and bottom of the 506 protein. Systems were simulated under NPT conditions using a 2 fs time step, a 303.15 K heat 507 bath, the particle-mesh Ewald method for long-range electrostatics, and the CHARMM36 force 508 field 73 . pKa calculations for all titratable amino acids of MerMAID1 were performed using APBS 74 509 in a conformational space of three pH-adapted conformations (PACs) and the Monte Carlo 510 procedure of Karlsberg2+ 75, 76 to sample all residues. PACs were created using Karlsberg2+ in a 511 self-consistent cycle including adjustment of protonation patterns of titratable amino acids and salt 512 bridge opening according to pH -10, 7, or 20. To calculate pKa values for MerMAID1 MD frames, 513 only the holoprotein structure was used. Lipids and water molecules were substituted with 514 continuum solvation. Ion channels were predicted using MOLEonline 39 . 515
Neuronal recordings and two-photon microscopy 516
Organotypic slice cultures of rat hippocampus were prepared as described 77 and transfected by 517 single-cell electroporation 78 after 14-16 days in vitro (DIV). Plasmids were each diluted to 1 ng/μl 518 in K-gluconate-based solution consisting of (in mM): 135 K-gluconate, 4 MgCl2, 4 Na2-ATP, 0.4 519 Na-GTP, 10 Na 2 -phosphocreatine, 3 ascorbate, 0.02 Alexa Fluor 594, and 10 HEPES (pH 7.2). Apo 40XW, Nikon, Minato, Japan) using GaAsP-PMTs (Hamamatsu Photonics, Hamamatsu, 541 Japan). A tunable Ti:Sapphire laser (Chameleon Vision-S, Coherent) was set to 810 nm to excite 542 mCerulean, and a high power femtosecond fiber laser (Fidelity-2, Coherent, Santa Clara, CA) was 543 used to excite citrine at 1070 nm. 544
Data analysis and statistical methods 545
Clampfit 10.4 (Molecular Devices) and Origin 2017 (OriginLab, Northampton, MA) were used for 546 analysis of HEK293 electrophysiological recordings. Peak currents were used for analysis of most 547 biophysical properties. The current of the last 50 ms of the illumination period was averaged to 548 determine stationary current amplitude. Reversal potentials were determined based on linear fit of 549 the two data points crossing 0 pA or linear extrapolation from 0 pA most adjacent two data points 550 of a measurement series. Action spectra were normalized to the maximum response and fitted 551 with a three-parametric Weibull function to determine the maximum response wavelength (max). 552
Kinetic time constants were determined by mono or bi-exponential fits. For displaying reasons 553 electrophysiological recording data points were reduced. 554
Single turnover UV/vis absorption measurements were averaged over 15 cycles. Primary data 555 analysis was performed using MATLAB R2016b (The MathWorks, Natick, MA) to calculate 556 difference spectra and reconstruct three-dimensional spectra. Glotaran 1.5.1 79, 80 was used for 557 global analysis of the spectral datasets. Time constant values and photointermediate spectra were 558 obtained via global analysis of the data sets. The sequential model explored spectral evolution 559 and produced the EADS, representing the species-associated difference spectra 81 . 560
Stationary absorption spectra were analyzed using Origin 2017, normalized to maximum 561 absorption at 280 nm or maximum chromophore absorption, smoothed using Savitzki-Golay 562 method using a 10-point window and 5 th order polynomial function. Pka-values were determined 563 with a Boltzmann function. 564 FTIR difference spectra were preprocessed using OPUS 7.5 software (Bruker Optics). FTIR data 565 were analyzed via single value decomposition and rotation procedure and subsequent global fit 566 algorithm implemented in Octave 4.2. 82, 83 . Assuming a sequential reaction scheme, a sum of 567 exponential functions was used as the fit model. 568 RR data was background subtracted with custom written software using a polynomial function. 569 or code is available from the corresponding authors upon request. DNA sequences will be 586 deposited on Addgene. 587
